The piston ring-cylinder liner contact is a major source of the total parasitic losses in an internal combustion engine. The lubrication process of this contact highly influences the amount of friction, oil consumption and wear that occurs. In this work, a reciprocating test rig combined with an ultrasonic film thickness measurement system was developed and then used for tribological investigation of the piston ring-cylinder liner contact under idealised cold conditions. A special piston ring and cylinder liner holder were designed and five sensors were glued on to the back side of the liner specimen. Ultrasonic reflections captured by the sensors, used to obtain the film thickness, and friction were continuously recorded as the piston ring section reciprocated over the liner. Several experiments were performed at different speed and load conditions. Furthermore, a numerical model has been developed to predict film thickness and friction in all lubrication regimes. The experimentally measured film thickness and friction were compared with the output from the numerical model and good correlation was found. The parameters affecting the accuracy of the ultrasound measurements and numerical simulations of film thickness and friction are then discussed.
Introduction
The piston ring-cylinder liner conjunction in an internal combustion engine is very important for the automotive industry in the drive to increase engine efficiency and achieve the emission reduction targets proposed by authorities. Piston rings operate in a range of tribological conditions, from the boundary to hydrodynamic lubrication regime. They should provide a mechanical seal between the combustion chamber and engine crankcase, conduct the heat of the piston to the water-cooled cylinder liner, and also distribute the lubricating oil along the cylinder liner surface. The optimum lubrication of the piston rings is necessary to reduce the friction and also limit oil consumption.
Andersson 1 showed the distribution of fuel energy usage for a medium sized passenger car and reported that the piston assembly is a major source of losses and responsible for about 40-50% of the total mechanical losses during an urban cycle. The work by Spearot 2 showed that the piston ring contribution to the entire friction loss is 19% in a light duty vehicle.
Many laboratory tests have been carried out to measure frictional losses between the piston assembly and cylinder liner using the 'floating liner' method [3] [4] [5] or 'indicated mean effective pressure' (IMEP) method. 6, 7 Although these tests are very useful and representative of engine conditions, intensive modifications and instrumentation of the test engine inevitably increase the time and the cost of laboratory tests. They also do not give a clear picture of the contributions to frictional losses of the individual parts (i.e. piston rings or piston skirt). Particularly in a fired engine, there are many factors effecting the lubrication of the piston assembly such as blow-by, dynamics of the piston and ring and thermal deformations.
Researchers designed and developed more simplified test rigs to investigate the piston ring lubrication mechanism and the related friction phenomena. The designs of these test rigs are wide ranging and depend on the focus of the research. Although whole piston and cylinder liner assemblies have been used in certain designs, i.e. in the work by Tan and Ripin, 8 a typical test rig configuration consists of segments of a piston ring and cylinder liner where one of them reciprocates and the other is kept stationary. [9] [10] [11] [12] These components are tested for different operating parameters, i.e. speed, load, viscosity and lubricant rate. Since most of these parameters are controllable, bench tests provide detailed information about how the different parameters influence the piston ring lubrication. However, there are several drawbacks of bench tests. The stroke is often an order of magnitude less than that in an engine. Therefore, because of a shorter stroke the maximum speed and acceleration seen by the piston ring is signifcantly less. These issues are investigated by Lee and Chittenden. 13 Akalin and Newaz 12 developed a reciprocating test rig to simulate the engine piston ring and liner contact. A ring holder was modified from the ring holder design developed by Hartfield et al. 14 The friction force between the piston ring and liner was measured using strain gauges placed on a cantilever beam connecting the ring holder to a loading arm. They also developed a mixed lubrication model to predict the lubrication and friction characteristics of the piston ring and liner contact. Their results highlighted that temperature, surface roughness and running speed were important parameters for identifying the lubrication regime. However, normal load had only a marginal effect on the friction coefficient under the simulated mixed lubrication condition. In general, the analytical results and the bench test results were well matched. Like Akalin, Bolander et al. 11 developed a test rig to correlate with a numerical model of the piston ring-liner interface. However, in their design a three axis force transducer was used to measure the normal, tangential and side loads generated on the piston ring segment. Depending on the test rig operating conditions, the entire range of lubrication regimes, from boundary to full-film hydrodynamic lubrication, were observed at different points in the stroke. As expected the highest friction occurred in the mixed and boundary lubrication regimes. In these studies, the simultaneous and comparative measurement of lubricant film thickness has not been achieved.
The lubricant film formed between the piston ring and cylinder liner is very thin and the measurement of this essential variable is difficult. In the literature, several methods have been applied to measure oil film thickness in piston rings such as capacitance, [15] [16] [17] resistance 18 and the laser induced florescence method. 19, 20 All of these methods have had some degree of success; however, these methods require the need to penetrate the cylinder liner in order to access the ring-liner conjunction.
The ultrasound technique is based on sensing the reflections from the ring-liner contact; therefore the ultrasonic sensors do not have to be mounted flush with the inner liner surface. This provides localised non-invasive measurements. Recently, the method was applied to a motored engine to measure the film thickness between the piston ring and cylinder liner. 21 However, there occured a resolution problem due to the sensor size (i.e. the ultrasound pulse was emitted over a larger area than the piston ring contact). In this study, smaller piezo-electric sensors were used to enhance the spatial resolution and the piston ringcontact was simulated using a Plint high-frequency reciprocator. It is acknowledged that other techniques can more realistically recreate the piston ring-cylinder liner contact found in an engine; however, the primary goal of this work is to compare ultrasound film thickness measurements with a numerical model rather than accurately recreate engine running conditions. Therefore, the plint reciprocator was used to provide a controlled, easily accessible and repeatable experiment with known and measurable boundary conditions to be used as input into the numerical model. The average minimum film thickness was measured at five different locations and the ring-liner friction force was measured over the entire cycle. Furthermore, a numerical model applicable for simulation of ringliner contacts operating in boundary to full-film lubrication is used to predict the pressure profile, film thickness and friction force. The experimental results were compared to the numerical predictions.
Test apparatus
In this section the test equipment, instrumentation and test specimens will be introduced as well as the preparation of the ultrasound sensors.
Piston ring-liner simulator
A Plint TE-77 high-frequency reciprocating tribometer was instrumented with an ultrasonic pulsing system. The TE77, schematically shown in Figure 1 , is a flexible tribometer that has been used in several other piston ring-liner wear studies. 14, 22 The machine configuration involves a special adapter oscillating mechanically over a fixed liner section. The adapter retaining a section of piston ring is loaded against the liner section by a spring balance through a lever and stirrup mechanism. The normal force is transmitted directly onto the moving specimen by means of a needle roller cam follower on the adapter and the running plate on the loading stirrup. The oscillations are produced by a variable speed motor with an eccentric cam, scotch yoke and guide block arrangement. The stroke of the reciprocating motion is 15 mm. It should be noted that this is an order of magnitude less than the stroke of the engine that the components are taken, which is 160 mm. A stable oscillating frequency is maintained by a tacho generator feedback system. The whole assembly is mounted on flexible supports, which allows free movement in the horizontal reciprocating axis. A stiff piezo-electric force transducer connected to the assembly measures the friction force in the reciprocating direction. The force transducer was calibrated using a pulley fixture system which applied a calibrating load aligned with the normal axis of ring-liner contact, parallel to the liner surface. Due to the liners horizontal position, it is useful to identify the dead centres where the oscillating ring stops. The dead centre closest to the friction sensor is named top dead centre (TDC) and the one closest to the adapter mounting hole is named bottom dead centre (BDC) in this study.
Test specimens. A pair of cast-iron liner and ring segments from the same heavy duty diesel engine were used to create the contact. The liner specimen was cut from a production cylinder liner with a bore diameter of 130 mm. The liner specimen, 50 mm in length and 20 mm in width, has a cross-hatched surface finish typical of a plateau honing process, as illustrated in Figure 2 . The used top compression ring from the same engine was sectioned into a length of 45 mm. The width of the piston ring is 3 mm and it has an asymmetric barrel shaped face as illustrated in Figure 3 with a chrome surface coating. Both the cylinder liner and piston ring have been run-in in a fired engine prior to these tests. The cylinder liner has a mean roughness value R a of 0.224 mm and the piston ring has an R a value of 0.066 mm.
Conformability of the ring-liner contact. Consistent conformability between the piston ring and cylinder liner is necessary from test to test in order to produce repeatable results. In the engine, the ring is able to conform to the liner due to its inherent tension and freedom to move. However, in simulated test rigs, the uncompressed piston ring (the diameter of the ring is bigger than the diameter of the liner) would mean that in its free state the piston ring would only make contact at the edges of the liner sample. To prevent this, a special ring holder manufactured from an original production piston was designed and attached to the adapter (Figure 4 ). The conformability of the ringliner contact was adjusted by two slotted plates located at either side of the ring holder and a grub screw in the centre which pushed the ring from behind. The liner specimen was held in the lubricant bath and secured by six grub screws allowing for axial and lateral alignment of the liner. Fujifilm prescale pressure measuring film was used to check the conformability of the contact. The Fujifilm paper indicating the stages of the ring-liner contact from the initial to final set-up are shown in Figure 5 . The process of obtaining conformability is clear from the initial to final set-up. The ring-liner contact was initially unconformal such that a more dense pink colour appeared at the right hand side of the liner, indicating a higher contact pressure. After a few adjustments, a more conformal contact where the colour is evenly distributed over the liner surface has been obtained.
Ultrasonic sensors
Piezoelectric crystals of 10 MHz with a width of 1.3 mm and a length of 2.5 mm were used to generate ultrasonic waves. The bonding surface should be free from pits and irregularities and the back of the liner sample was therefore ground to provide a flat mounting surface for the piezo-crystal sensors. An epoxy resin formulated specifically for bonding strain gauges was applied and five piezo-crystal sensors were glued on to the back side of the liner by means of a guidance template indicating the sensor positions. The electrodes of the sensor were connected to a small coaxial cable, with a diameter of 0.4 mm, and covered by a protective layer of silicone.
These five ultrasonic sensors placed at the back of the liner were almost equally distributed along the axial length of the stroke. The central sensor was aligned to the middle of the stroke by adjusting the liner holder's grub screws in the axial direction. Thus, the ultrasonic sensors were kept in the region swept by the piston ring and they were able to record the oil film data at five locations between the dead centres. The sensor positions over the liner are given in Table 1 where the measurements are taken relative to TDC. The velocity of the piston ring as it passes over each sensor is also given for a range of operating speeds.
Instrumentation
An ultrasonic pulsing unit embedded into a dedicated computer was used. This unit consists of an ultrasonic pulsing and receiving card (UPR) which is equipped with 8 channels and a maximum achievable pulse rate of 80 k pulses/second on a solitary channel. Receiver gain range is between À40 dB and þ110 dB and the receiver bandwidth is from 0.1 to 25 MHz. Each of the ultrasonic sensors was individually connected to the pulsing unit, totalling 5 channels with a pulse repetition rate of 15k pulses/second for each. The sensors were excited by short duration high voltage signals and thus ultrasonic pulses were generated. These pulses propagated through the liner specimen. The system operated in a pulse-echo mode, meaning that the reflected pulses from the ring-liner conjunction were also received by the sensors. Each of ultrasonic reflection signals was digitised at 100 MHz with a 12 bit resolution. The digitised data was recorded to hard disk in binary file format and then a post-processing software program translated the data to oil film thickness. The piezo-electric transducer (Kistler type 9203) with a range of AE500 N and normal sensitivity of 50 pC/N was used to measure the friction force. The charge amplifier (Kistler type 5007) converts the charge produced by the transducer into proportional electrical signals with a resolution of 0.001 N. The transducer was calibrated with a known load before the experimental stage. Friction data output was logged to the computer hosting the ultrasonic pulsing unit.
Lubricant
The lubricant used in this study was a pure base oil without an additive package. The physical properties of the lubricant are given in Table 2 . The liner specimen was fully immersed in the oil. This does not represent the real lubricant condition in the engine, which would normally be significantly less. However, it ensures that the inlet is fully flooded allowing for good, accurate comparisons with the numerical model. It also assists in maintaining a stable temperature of the liner surface during the short tests. The oil bath temperature was logged at a stable 22 C throughout the tests. This is clearly unrepresentative of real engine running conditions, where the liner temperature can reach approximately 200 C around TDC. However, it was decided that running at a lower temperature, giving a higher viscosity and therefore higher film thickness would go some way towards compensating for the lower entraining speeds in the test rig compared to the real engine operating conditions. The ASTM D31 equation was used to calculate the lubricant viscosity at 22 C logðlogð þ 0:
where is viscosity, A and B are constants and T is temperature. Using the values in Table 2 , A ¼ 8.8686
and B ¼ 3.4743, giving a viscosity of 85.66 cSt or 0.072 PaÁs. In the contact it is predicted that the temperature of the lubricant will be higher than that of the bulk lubricant due to shear heating. Therefore, the viscosity will be less in the contact than the value that has been calculated here. However, in the absence of a measured contact temperature or thermal model the bulk lubricant temperature and hence viscosity will be used in the numerical model.
Ultrasonic oil film measurement Background
The proportion of an ultrasonic pulse that is reflected from a perfectly bonded interface is known as the reflection coefficient and varies with the acoustic properties of the matching materials. This proportion is given by equation (2), where z 1 and z 2 are the acoustic impedance of the materials on either side of the interface
However, the ring-oil-liner layer can be modelled as a quasi-static spring. Schoenberg 23 demonstrated that the reflection coefficient of a thin layer was given by
where ! is the angular frequency of the ultrasonic wave (2f) and K is the stiffness of the interfacial layer. If the layer consists of a liquid, the stiffness of the layer depends on its bulk modulus and thickness (K ¼ B/h). The bulk modulus can be written in terms of the speed of sound, c, and density, , of the layer material (B ¼ c 2 ). This gives
This stiffness can be used in the quasi-static spring model for identical materials either side of the inter-
where W RW is the modulus of the reflection coefficient. This relationship gives the layer thickness in terms of reflection coefficient and acoustic properties of the oil and materials either side of the interface. In this case, the acoustic impedance of cast iron piston ring and liner is 34.9 MRayls and speed of sound in base oil can be found in Table 2 . More detail about ultrasound film thickness measurements can be found in Dwyer-Joyce et al. 24 Experimentally, as the sensor is coupled to a test specimen, some of the incident wave is transmitted forward and the remainder is reflected back. The reflection coefficient can be obtained by
where A i is the incident wave amplitude and A r is the reflected wave amplitude. However, it is difficult to measure the incident pulse. Hence in practice it is convenient to record a reflection from the liner-air interface, called the reference interface, because most of the acoustic energy emitted from the sensor is reflected back due to a high acoustic mismatch between the materials. Therefore the reflected wave is almost equal to the incident wave. Equation (6) shows that for such an interface, R tends to one. This ultrasonic approach has been used previously to monitor the condition of a lubricant film in machine elements. [25] [26] [27] The ultrasonic technique is based on physical principles of the system. The experiments to determine the validity of the ultrasonic film thickness measurement have been carried out and excellent agreement was found for the quasi-static spring model technique. 28 
Data capturing and analysis
The ultrasonic reflections captured by the sensors were continuously recorded as the test was in progress. In this section, only the data captured by sensor 1 has been used to explain the data processing technique. The same procedure has also been applied to the other sensors to obtain the oil film thickness. Figure 6 (a) shows reflections from the liner specimen in the time domain. The first pulse (I) is a combination of reflection from the back side of liner and sensor initiation. The second pulse (II) is reflected from the inner side of liner. This 'II' pulse is isolated from the rest of the signal and successively recorded during the test. Figure 6(b) shows a sample of these successive signals as the piston ring reciprocates over the liner. It is seen in Figure 6 (c) that the amplitudes of the signals decrease while the piston ring is passing over the sensing area. This is because some of the ultrasound energy passes through the oil and is absorbed by the ring. As mentioned previously, the reference pulse from the liner-air interface was recorded before starting the test. A fast Fourier transform (FFT) was performed on the reference pulse and each of these successive reflected pulses to extract the useful information from the signal ( Figure 6(d) ). Thus dividing all FFT amplitudes of the successive pulses by the amplitude of reference pulse gives the reflection coefficient spectra (i.e. R versus f ). Within the À6 dB bandwidth of the sensor, the reflection coefficient is smooth and monotonically increasing with frequency. Despite the fact that frequency appears in equation (5), its effect on h is cancelled by the counter-variation of reflection coefficient with frequency. The resulting film thickness within the bandwidth region is independent of measuring frequency. 24, 27 Therefore, in this study, the reflection coefficient spectra within the bandwidth region was used to determine the film thickness. Figure 6 (e) shows the reflection coefficient against pulse number. In the figure, each trough, where the pulses are reflected from the piston ring, corresponds to one of the ring traversals over the sensor area. It is seen that the piston ring has passed over the sensing area six times and there are two repetition intervals between the troughs, short and long, since sensor 1 is close to TDC. The lubricant film thickness can be obtained by substituting the reflection coefficient data into the spring model (equation (5)). Figure 6 (f) shows the oil film thicknesses which were obtained from the data given in Figure 6 (e). One ring passage has been represented by approximately 100 pulses and this number depends on the pulsing rate of the ultrasonic system and the ring reciprocating speed. Figure 7 shows an oil film trace for one ring passage over the sensing area. The width of the transducer (1.3 mm) was smaller than the ring width (3 mm). Thus the sensor records an average of the reflection signal over that 1.3 mm 'window', hence the film thickness is averaged over 1.3 mm as the ring traverses the region. The exact ring profile is, therefore, not expected from this kind of profile measurement. A de-convolution algorithm was used to eliminate this average effect on the minimum film thickness.
If the ultrasound wave is thought of as a series of discrete pulses over the sensor area, then their reflection depends on the ring profile in the sensor window. The algorithm uses the spring model for each discrete reflection from the ring profile in the sensor window and calculates the equivalent reflection coefficient as the ring rests on the liner. This could be thought of as the minimum reflection coefficient observed by the sensor if the minimum film thickness is zero. Therefore, if the separation of ring and liner is increased and this algorithm is repeated iteratively, the minimum reflection coefficient observed by the sensor as a function of the separation of the ring and liner is found. The true minimum film thickness can then be deduced from the observed reflection coefficient. There was 2% error present in the reflection data due to electrical noise in the system. For a reflection coefficient of 0.7, this yields 4% error in film thickness measurement.
Numerical model
A numerical model of the experiment has been developed in order to predict both the film thickness and friction that are also measured experimentally. As it is assumed that the piston ring-cylinder liner contact runs in the mixed lubrication regime for at least some of the stroke, a model must be developed that calculates both the hydrodynamic film pressure and asperity contact pressure.
As the contact profile is converging-diverging, some cavitation will occur along the trailing edge of the ring. In order to solve the Reynolds equation incorporating cavitation, a modified version of the Giacopini et al. 29 mass-conserving cavitation algorithm was used. More precisely, a two dimensional time dependent solution of an averaged form of the Reynolds equation was restated as a linear complimentary problem (LCP).
In this form, the film thickness is replaced with flow factors, A 0 and B 0 are calculated according to the method found in Almqvist et al., 30 p 0 is the averaged film pressure, r is the complementary variable and l and are constants (defined in the nomenclature). The average film thickness parameter, h, is defined as
where h 0 is the separation between the piston ring and cylinder liner, h r is the liner roughness ( Figure 2) and l 1 and l 2 are the length and width of the roughness measurement. The boundary conditions were defined as p 0 ¼ 0 and r ¼ 1 at the inlet, outlet and sides of the contact which corresponds to fully flooded and zero pressure.
The LCP problem (equation (7)), was discretised using the finite difference method, with central differences in space for all terms except for rÁ(rB 0 ) which was upwind differenced, to properly consider the hyperbolic nature of the problem inside cavitation zones. An explicit method built on the forward euler method was used to discretise the problem in time.
The solution domain (equation (7)), was divided into 50 Â 10 nodes (50 in the entraining direction, 10 across the width), which was found to make the film thickness and friction virtually independent of grid size. Such a course grid representation is made possible by incorporating the effect of surface roughness in the flow factors A 0 , B 0 and h. These are calculated using the technique described in Almqvist et al. 30 over the liner surface illustrated in Figure 2 , the equations solved and the calculated values are given in the appendix. The problem was divided into 100 time steps. Increasing the number of time steps was found to only marginally affect the solution.
Based on the assumption that the piston ring surface is much smoother than the cylinder liner, the piston ring was modelled as perfectly smooth. When the surfaces come into contact, the deformation, asperity contact pressure and real area of contact is found using a boussinesq-type elasto-plastic contact mechanics model. The technique is described in detail by Sahlin et al. 31, 32 and will not be repeated here. Asperity contact pressure as a function of separation is given in Appendix 2 (Figure 18) .
Each time step is associated to a specific plint spindle angle () and the velocity of the piston ring was calculated from equation (9)
where N is the rotational speed of the Plint machine in Hz and s is the stroke. Once the velocity is known a force balance equation is solved for the film thickness which, in turn, balances the applied load with the hydrodynamically supported load and the load supported by asperity contact (from the contact mechanics model, 31, 32 Figure 18 ). Once this is complete the problem can be incremented one time step and the process repeated. As the explicit method is applied to solve equation (7) numerically, the solution at the current time step depends on the previous one and the solver must be run through approximately 1.1 full cycles for the transients to fade out and to reach convergence with the previous cycle.
Convergence is assumed to be reached when the film thickness and derivative of film thickness is within 1% of the previous cycle.
The friction force (f tot ) is calculated as the sum of viscous friction force f hyd and boundary friction force f bd . Boundary friction is calculated as
where is the dry friction coefficient and P CP is the average asperity contact pressure, found from the contact mechanics model. The dry friction coefficient, taken as 0.192, was found by running a reciprocating test, in the test apparatus described in the 'Test apparatus' section, with no lubricant present. Hydrodynamic friction is calculated as
where h is the average separation and c 11 , d 11 and d 12 are flow factors calculated as described in Sahlin et al. 31, 32 
Results and discussion
In this section the film thickness measured with ultrasound will be presented as well as comparisons of film thickness and friction with the numerical model.
Measured film thickness
If an array of the successive pulses of interest (i.e. pulse (II) in Figure 6 (a)) individually captured by the sensors is analysed, the film thickness values at the fixed sensor locations can be obtained. These film thickness values can be superimposed on a single graph. Figure 8 shows the measurements of oil film thickness (OFT) as the ring reciprocates at 2.5 Hz under a normal load of 80 N. In the figure, the ring starts its travel from TDC to BDC, thus it is initially captured by sensor 1 (close to TDC). As the ring moves from one sensing area to the next, the other sensors detect the ring respectively. This roughly provides an overview of lubricant film formation over the stroke. It is notable that the film thickness data from cycle to cycle was very repeatable. The horizontal axis in the figure is given in terms of pulse number; however, this could be converted to time if the pulse rate (indicating how many ultrasound pulses are sent through the liner specimen in a second) is known. In this case the pulse rate is 2000 pulses per second. This was also confirmed because it can be seen in the figure that two and half cycles were observed in one second at 2.5 Hz (2.5 rev/s).
If the oil is partly depleted under the sensing area, this leads to more ultrasound reflected from the interface due to an air-oil mixture in the contact. This results in bigger reflection coefficients and the impression of greater film thickness measurements being recorded than is actually the case. This is more visible for the starved condition where a smaller amount of oil into the contact is provided (Figure 9(a) ). Under the same loading and reciprocating speed, the reflection coefficients are bigger in the starved condition than in the lubricated condition (Figure 9(b) ). During testing, there were some fluctuations in the ultrasonically measured ring profiles, especially in the case of the ring travelling from BDC to TDC (Figure 8 ). This is because the interface between the ring and liner is not homogenously filled with lubricant due to cavitation occurring. The ring profile is not symmetric, but has a different diverging shape in each direction which influences the lubricant condition in the contact and how much cavitation occurs. The ring was installed in the ring holder with the greater converging shape facing towards BDC (Figure 11 ). Because of this profile, normally a higher film thickness would be expected on the down stroke from TDC to BDC. However, the nonsymmetric barrel shaped piston ring leads to a different size of the cavitation region according to the direction of the stroke. 33 The cavitation region on the down stroke is considerably smaller than that on the up stroke because the diverging part of the ring is much smaller in down stroke than in the up stroke.
This explanation is illustrated further with the results of the numerical simulations (Figure 10 (a) and Figure 10(b) ). It can be seen that the cavitated region is much smaller on the down stroke as opposed to the up stroke.
Since there is a far larger cavitating region on the up stroke, as was previously mentioned the ultrasound recorded an anomalously high film thickness in this direction due to an inhomogeneous film layer (i.e. air-oil mixture). This can be seen in Figure 11 where oil film thickness is bigger on the up stroke, compared with the down stroke. However, fluctuations in the measured signal are clearly discernible. In this study, the down stroke data exhibiting far less fluctuations has been used for comparison with the numerical model. It was concluded that the up stroke data cannot be considered reliable due to excessive cavitation occurring.
An example of the minimum oil film thicknesses (MOFT) measured by the sensors for only down strokes is given in Figure 12 where the MOFT data represents the mean value of a series of cycles and the standard deviation gives an indication of cycle to cycle variation. Figure 13 shows the effect of speed and load on film thickness formation in the ring-liner contact. It is seen that the minimum film thickness decreases as the normal load is increased. This is more clear as the reciprocating speed increases. Increasing the ring sliding speed enhances the wedge effect of the converging ring profile, providing better load carrying capacity and a thicker lubricant film. The hydrodynamic effect is more obvious for the tests performed at a low load (60 N). It is also possible to see this hydrodynamic effect for each data set as the measured minimum film is thicker at S3 where the sliding speed is greatest.
Comparisons between experimental and numerical results
Several short duration tests were carried out at different speed and load conditions. The results from the numerical model will be compared with the values measured experimentally, firstly in terms of friction and then oil film thickness.
Friction. In this section, the total friction force calculated from the simulations, a combination of both boundary and hydrodynamic friction, is compared with the friction force measured by the force transducer in the experiment. Cross-correlation was performed on the raw data collected by the force transducer to identify each friction cycle during the test period. Following this the mean friction cycle was calculated from all of the cycles collected over the test duration. Figure 14 gives a comparison of the experimental and simulated friction for two different operating conditions, both with the same speed of 15 Hz but with a low load of 40 N and a high load of 100 N. Figure 15 again compares experiment and simulation, but this time with a constant load of 60 N and a low speed of 10 Hz and a high speed of 17.5 Hz.
Analysing the results, it is noticeable that there is a large difference in friction values around TDC, or 0 plint spindle angle. In the numerical simulation, boundary lubrication is predominant until approximately 35 plint spindle angle when the sliding speed becomes sufficiently high to allow for the surfaces to become fully separated by hydrodynamic effects. At this point the boundary friction contribution dramatically reduces and only the viscous friction component is left, giving the sudden drop in friction force. However, in the experiment the friction force drops far more quickly at approximately 15 plint spindle angle. It is proposed that this is due to the dynamics of the test rig, leading to stick-slip occurring. When the sliding speed approaches zero at TDC, the ring comes into asperity contact with the liner and friction increases dramatically. As the ring sliding speed increases again, the ring 'sticks' and then suddenly 'slips' due to the difference in static and dynamic coefficients of friction. This can be evidenced by the 'rippling' that occurs as the friction suddenly drops.
It should be noted that the plint spindle angle here does not correlate directly to the crank angle in a real engine with respect to the lubrication regime. The stroke and therefore the acceleration is much greater in a real engine and it is suggested that this will lead to full film lubrication occurring in a real engine at a much earlier crank angle compared to the plint spindle angle discussed here.
During the midstroke the lubrication is predominantly hydrodynamic and there is a much closer match between simulation and experiment. Any difference here is most likely attributed to an inaccurate value of lubricant viscosity being used in the simulation, which is an estimate at 22 C based on the provided lubricant data.
At BDC, or 180 plint spindle angle, as the friction increases again there is less difference between experiment and simulation as was present at TDC, with the values matching well. This is probably because, due to the asymmetric ring profile, there is a larger film present on the downstroke and so at BDC the film thickness is greater (due to the squeeze effect). Therefore, the issues encountered at TDC with the very low film thickness are less prevalent.
Film thickness. In this section, the minimum oil film thickness calculated with the numerical model is compared to the values measured at the five sensor locations. Figure 16 illustrates this data at a constant speed of 10 Hz with a low, medium and high load.
From Figure 16 it can be seen that the experimental data correlates reasonably well with simulation. Ultrasonically measured MOFT varied between 0.25 and 1.8 mm. The deviation bars of the minimum film thickness were less than 0.05 mm for high load but tended to increase with low load. In general, the numerical simulation overestimates the minimum oil film thickness when compared to the ones acquired with the ultrasound technique. It is suggested that the predominant reason for this is due to the value of viscosity used in the simulation, as was mentioned previously when discussing the friction results. It is unknown exactly what the effective viscosity was in the contact. For example, it is inevitable that some shear heating of the lubricant will take place during sliding and this increase in temperature will reduce the viscosity of the lubricant. A lower viscosity would cause lower film thicknesses, as has been shown numerous times experimentally.
Another source of error is the assumption and modelling of the contact geometry. Although the ring shape was measured accurately (Figure 3 ) and the ring adapter was aligned to make sure it sat flat and parallel with the liner sample, it is still possible that there was a small misalignment. Although small, such misalignment leads to a slightly different contact geometry in turn, causing a slightly different film thickness. This is not considered in the numerical model which assumes perfect alignment and contact geometry accordingly.
Also, it must be remembered that the ultrasound technique requires as input a value of the density and speed of sound in the lubricant as found inside the contact. The values used in the calculation of the oil fim thickness are those corresponding to the lubricant bulk properties. This is another potential source of error.
Conclusion
The piston ring-cylinder liner contact has been simulated in a reciprocating test rig apparatus measuring the oil film thickness between a section of a piston ring and a cylinder liner using an ultrasound technique. Moreover, a numerical method was developed to enable predictions of the oil film thickness values obtained with the ultrasound technique. The following conclusions are drawn:
1. Ultrasound proves an effective way of measuring film thickness, a useful aid for understanding the lubrication process in a tribological contact and for validating simulations. 2. Cavitation occurs in the contact and this can adversely effect the ultrasonic measurement of film thickness; however, this is detectable in the reflection coefficient profile and in this case it only significantly affected the tests in one sliding direction. 3. The numerical prediction of oil film thickness and friction force matched well with the experimental data; however, the result is sensitive to the value of viscosity used and more work is required to deduce means of acquiring viscosity data corresponding to the values found inside the lubricated conjunction.
Once 1 , 2 and 0 have been calculated they can be integrated over to give the flow factors in equation (12) needed to solve the homogenised Reynolds equation
These flow factors were calculated for the roughness measurement shown in Figure 2 and the results for a 11 , a 22 and b 1 , the flow factors of most interest, are presented in Figure 17 as a function of separation. The asperity contact pressure, P CP , calculated using the boussinesq-type elasto-plastic contact mechanics model as a function of separation for the cylinder liner surface shown in Figure 2 is presented in Figure 18 . Figure 18 . Contact stiffness calculated for cylinder liner surface. Figure 17 . Flow factors calculated for the cylinder liner surface.
